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Abstract 
This review considers the average size and 
size distribution of bovine casein micelles as 
measured by electron microscopy, light scattering 
and controlled pore glass chromatography, and the 
origin and biological f unction Df the size 
distribution. 
Recent work by electron microscopy has given 
average sizes in reasonable agreement with 
measurements on the same milk sample by light 
scattering . It is suggested that natural varia-
tions in averaqe micelle size and overestimation 
of micelle radii by light scattering methods as 
well as deficiencies in electron microscopical 
methodology were responsible for pas t dis-
crepancies. 
Electron microscopy and controlled pore 
glass chromatography provide evidence that in some 
milks the differential wei ght or volume distri-
bution curve is bimodal ~1ith a main peak at 
90-1 80nm and a lesser peak at >200nm diameter. 
The largest micell es in the size distri-
b~t i?n are too ~arge to have been formed fully 
w1th1n the Golg1 vesicles of the mammary secretory 
cell, so a second stage of aggregation may occur 
in the alveolar lumen. 
Using a model of the casein micelle in which 
the particles have a hairy outer layer, it is 
shown how the size distribution can influence the 
structure of a mi l k gel . 
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Fi nal manuscript received April 30, 1985. 
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Introduction 
Electron microscopy, light scattering and 
controlled pore glass chromatography have each 
been used to determine the average size and size 
distribution of bovine casein micelles. In 
spite of nearly 40 years of research in this 
field, a detailed review of results and methodo-
logies has not been published. In thi s review, 
I have concentrated on work published in the 
last 13 years as this suffices to describe the 
present state of knowledge , and in the last part 
of the paper put forward a hypothesis regarding 
the biological function of the broad range of 
sizes. 
Differential and Cumulative Distri bution Curves 
Before beg1nn1ng the rev1ew, a few 
remarks on distribution curves may be helpful. 
A differential number (or weight) distribution 
function N(R)dR (or W(R)dR) gives the number 
(or weight) fraction of particles in the size 
range R to R+dR. An integral (or cumulative) 
distribution curve , N(R) or W(R), gives the 
fraction between 0 and R. Differential 
distribution curves are usual ly normalised so 
that t he total area under the curve is made 
equal to unity. For spherical particles, the 
weight is proportional to R3 and hence 
W(R)dR~R3 . N(R)dR . A small number fraction of 
very large particles therefore comprises a much 
larger weight fraction and, similarly, a very 
large number fraction of small particles can 
comprise only a sma ll weight fraction. In 
electron microscopy the number average is 
normally computed , <R>n=tN iRi /LNi , which, for 
casein micelles, is very sensitive to the 
efficiency with which the abundant, sma llest, 
particles are counted. In light scattering a 
number of high averages are obtained which are 
sensitive to the small numbers of the largest 
particles. Hence for the distribution of sizes 
in electron microscopy to be capable of giving 
an accurate high average of the distribution, 
a very large number of particles (-10~ -105 ) must 
be counted and sized. 
The Schultz -Zimm di stribution function has 
often been used in light scattering studies on 
casein micelles because it can be integ rated 
readily. 
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In its normalised form it i s often written as: 
N(R)dR = (yz/ r (z))Rz- 1exp(-yR)dR (1) 
where y i s a constant and r (z) is the gamma 
function of z which is equa l to (z-1)! for 
integral values of z. The parameter z defines 
the width of the distr i bution and together wi th 
y can repre sent any average of the distribut i on. 
Thus the number average rad i us is z/y, the so -
called z-average radius obtained from a Zimm plot 
i s [(z+7)(z+6)] ~ /y and the hydrodynamic radius 
(Rh) obtained from quasi -el astic li ght scattering 
measurements extrapolated to zero scattering 
angle i s (z+5) / y. 
Light Scattering 
In pr inciple, the distribution of s izes can 
be recovered from either the angular dependence 
of the intensity of sca ttered light or the 
autocorrelat ion function of scattered la ser li ght 
(Chu, 1983) but in practice, experiments on 
casein micelles in sk im-mi l k give at most 2 
moments of the distribution or 2 parameters of 
an assumed di str ibution curve such as the 
Schultz -Zimm function . These methods are there-
fore not as powerful as electron microscopy or 
chromatography in determining the more subt l e 
details of the size distr i bution; their advantage 
is in the way that drastic changes in the 
environment of micell es are avoided and the l arge 
numbers of partic l es over which an average i s 
made. 
Rate-Zone Ultracentrifugation Comb ined with 
Dynam1c L1 ght Scatter1ng 
Lin et al . ( 1971) attempted to reconstruct 
the size OTstribution of casein micel l es by 
characterising fraction s from a rate-zone 
ultracentrifugation procedure (Morr et £1., 
1971). A volume of sk im-milk was layered on a 
sucrose density gradient (15-25%) containing 
simulated mi l k ultrafiltrate (SMUF) to inhibit 
micelle dissociation; and using different speed -
time combinat i ons, 7 fractions were col lected 
in addition to the pelleted casein. The 
diffu sion coefficient of particles in the 
fractions was determined by spectral analysis of 
scattered la ser light and converted to a hydro-
dynamic radius by the Stokes-E instein equation 
(Rh=kT/6 rrn D). By combin ing the results from 
different fraction s, Lin et al . (1971) were able 
to construct a cumulative weight distribut i on 
curve of hydrodynamic radii in the range 
54-308nm . Only smal l weight fractions were 
present outside this range. Of 3 bulk mi l ks 
examined, 2 could be represented by the same 
parameters of a Sc hul tz-Z imm distribution (z=11, 
y=0 .1 95nm- 1 ) and the third by the same va l ue of 
z and y=O. 158nm- 1 • When suspended in 50% 
sucrose, the diffusion coefficient, corrected for 
solvent vi scosity, increased ind icating mice lle 
shrinkage but on removing the sucrose by dialysis 
against SMUF, the effect was reversed . In 
similar experiments, Schmi dt et al. (1974) found 
a redistribution of mi cel l e sizes to occur after 
fractionation and in more recent work, glutar-
aldehyde cross -l inked micel l es have been pre-
ferred. 
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Some indi cat ion of the natural variations 
in the size distribution was obta in ed by Dewan 
et al. (1974a) who used rate-zone ultra-
cent r i fugat ion to characterise micelle s in 2 
bulk mil ks and 2 individual milks of cows 
sec reting the as 1-casei n A variant . The 
indivi dual milk s had a much broader range of 
s i zes wi th a weight fraction of 5% having 
Rh>480 nm compared to onl y 2% in the bu l k mil ks 
with Rh>280nm. They al so had mo re sma ll 
mice ll es: 63% with Rh<100nm compared to on l y 
25% in one of the poo l ed mi l k samples . The two 
bulk mi lk samp l es were sim il ar l y broad but of 
different average s ize. Dewan et £1. (1974b) 
measured the weight distr i but ion curves of 2 
bu l k mi l ks from the same herd obtained 40 days 
apart. Although the authors drew the same 
curve through both sets of results, one of t he 
milks may have had a bimodal di stribut i on with 
relativel y more partic l es with diameters in the 
range 220-240nm and relatively fewer in the range 
160-200nm. Both mi l ks appear to have a broader 
range of sizes and more of the larger micelles 
than reported by Lin et £1. (197 1). As well as 
determ ini na the distribution of micel l e radii, 
molecular weights of the fractions were 
measured by comb i ning sed imentation anddiffusion 
coefficient measurements and the resu l ts fitted 
to a log-normal distribut i on: 
W(M ) = (2 rro 2 W)- ~ exp [- ( £nM- £n<~~ ) 2 .2o2 ] (2) 
m 
where <M>m is the median molecu l ar weight for 
which W(M)=0.5 and a i s the sta ndard deviation 
of logM. For one sampl e, <M>n=8 . 58x10 7 , 
<M>w=2.69x10 6 and a =1 .07 and for the other 
<M>n=8 .68x10 7 , <M>w=2.42x10 6 and a =1.01. These 
values are characteristic of a very broad 
distr i bution of molecular weights. The true 
distribution will be even broader than these 
est imates since the fractions will themselves be 
polydisperse and since the sed imentation-
diffusion method measures a fairly high average 
of the distribution, <M>n wi ll be overestimated . 
In discussing their results, Dewan et al . 
(1974b) compare their find in gs with those of 
electron microscopy and conclude that with the 
except i on of Carroll et al. (1968) there is a 
systematic difference between the techniques, 
with larger average sizes found by light 
scattering. The conc lu si on i s probabl y sound 
but inclusion of the results of Lin et al. (197 1) 
and Dewan et al. (1974a) wou l d have made-the 
distinction-less clear-cut as some of these 
distributions over l ap more with those from 
electron microscopy. They suggest that system-
atic errors in el ectron mi croscopy were 
responsible viz. micelle shr inka ge during 
samp l e preparation, failure to detect small 
part i cl es against the grain of the background 
and fa ilu re to cou nt and size sufficient 
particles. There are, however, systematic 
errors in light scattering studies using skim 
mi l k that cou ld have caused an overestimation 
of micelle size such as : {i) the presence of 
l arger fat gl obules and to a lesser extent, ( ii ) 
the effect of a hairy layer on the outside of 
micelles which increases the ir hydrodynamic 
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radius by about 7nm (Walstra et £1., 1981; 
Horne, 1984a) and, ( iii ) rearrangement of caseins 
in the fractions during sample preparation 
(Schmidt et £1. 1974 ). 
Dynamic Light Scattering Alone 
Holt and co-workers (Holt, 1975a, Holt et 
£1. 1975) and Horne (1984b) have attempted to-
determine the size of casein micelles with the 
least possible change in environment of the 
particl es . In the work of Holt and co-workers, 
mi lk diffusate prepared at room temperature was 
used as the preferred means of diluting the 
sample to a su itable concentration for li ght 
scattering . If prepared and used at room 
temperature, problems due to the spontaneous 
precipitation of calcium phosphate do not 
normally occur but if it is prepared at 4°C and 
used at a higher temperature, it i s qu ite un-
suitabl e (Parker and Horne, 1979). The 1 ight 
scattered by fat globule s remaining in the milk 
after skimming can be a prob lem in determining 
the size of the mice lles. Holt (1975a) used 
milks from a number of individual cows that had 
an unusually l ow amount of light scattered by fat 
but in other work corrections were applied. 
Holt et Ql. (1978) subtracted the light scattered 
by fat globules from the total in order to 
recover the properties of the micelles . This was 
ach ieved by adding sufficient EDTA to bring about 
complete dissociation of micelles once the total 
intensity or autocorrelation function of the 
scattered light had been determined, and then 
making the measurement again . Horne, (1984b) ha s 
made calculations on the effects of fat on the 
first cumulant of the autocorrelation function of 
scattered laser light and shown that at high 
angles the fat globules may often be neglected. 
Both Holt et £1. (1978) and Horne (1984b) have 
used the angular dependence of the first cumulant 
to calculate the width parameter z of a Schultz-
Zimm distribution and the value of the first 
cumulant extrapolated to zero scattering angle 
to compute y . In individual milk samples (Holt, 
1975a; Holt et Ql., 1978), z varied from 4.7 to 
11. 8 (n.b . z values in the present paper have 
been adjusted to conform with equation(!)), 
encompassing the range of values reported by 
Bloomfield and co-workers (Lin et Ql., 1971; 
Dewan et Ql., 1974a; 1974b). In 3 bulk milks, 
Horne (1984b) found z values of 4.59±0.60, 
6. 26±0.44 and 5.36±0.48 with corresponding 
hydrodynamic radii of 96, 112 and 101nm. 
Natural Variations in Micelle Size 
Natural var1at1ons 1n average micelle size 
have been studied using the wavelength dependence 
of turbidity with correction for fat. The method 
is described by Holt et Ql. (1975) and applied to 
the determination of the average size of micelles. 
It has proved most useful as a simple and rapid 
means of measuring natural variations in average 
s i ze (Holt and Baird, 1978; Holt and Muir, 1978; 
Brooker and Holt, 1978 ; 1979). During the course 
of lactation it was found that in mi l ks from some 
cows, micelles were larger on average and more of 
the very large ("g iant") micelles were found, too 
large to have been formed fully in Golgi vesic le s. 
In a survey of creamery bulk milks in south west 
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Scotland, a seasonal trend was observed with 
smaller micelles in the summer months May-August. 
These results confirm the observations of 
Bloomfield and co-workers that there are highly 
sign ificant natural-variation s in micelle size 
distribution with suggest ions that both genetic 
and environmental factors are important. 
Electron Microscopy 
Electron microscopy is capable of providing 
a much more detailed picture of the shape of the 
size distribution than light scattering methods 
but is open to the cr iti cism that the methods of 
sample preparation distort the mice lles. On the 
other hand, the presence of fat globules can give 
too high a value for the size of micelles by 
light scattering and there are l arge natural 
variations in average mice ll e size. For these 
reasons, comparisons of methods using the same 
milk sampl e have been employed in the more 
recent work. 
Comparison of Electron Microscopy with 
Conventional Light Scattering 
Schmidt et al. (1973) have reviewed the 
early work on measuring the size distribution 
of micelles by electron microscopy (Nitschmann, 
1949; Knoop and Wortmann, 1960; Saito and 
Hashimoto, 1964; Rose and Colvin, 1966; Carroll 
et a 1 . 1968) and considered that the freeze 
fracture and etch in g method was preferable since 
it required a minimum alteration in the 
environment of the micelles. Glycerol was used 
as a cryoprotectant in one method and in another 
a dispersion of milk in paraffin oil was pre-
pared in order to minimize the disruptive effect 
of the growth of ice crystals. A correction for 
sectioning effects was applied to allow for the 
fact that a sphere of radius R will appear in 
section as a circle of radius a<R (Knoop and 
Wortmann, 1960; Goldsmith, 1967). For a bell-
shaped differential number distribution curve, 
the effect of the correction is to narrow the 
width of the curve and move the maximum to 
larger size. Whatever the shape, the number 
fractions of the larger particles are increased. 
The correction is a significant one for casein 
micelles with freeze etching and thin section 
methods and is of greatest importance for the 
narrowest distributions, as found in fractionat-
ed samples. The corrected differential number 
distribution curve showed a gradual decrease 
from the smallest size class <20nm to the largest 
at >200nm and exhibited no maximum at inter-
mediate sizes as found by Carroll et al. (1968). 
Although the smallest particles greatly exceeded 
the numbers in any other size class, they 
comprised < 3% of the volume of all the micelles . 
A differential volume distribution curve showed 
a sing l e maximum at a diameter (d) of about 120nm 
and on plott in g l og [d/(300-d)] against 
cumulative volume fraction on a probability 
sca l e, an almost linear relat i onship was obtained. 
To explain the difference between their own and 
earlier electron microscopial resu lts, Schmidt 
et al. (1973) suggested, quite reasonably, that 
the number fractions in the smaller size classes 
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had been underestimated in the replication and 
shadowing methods (Saito and Hashimoto, 1964; 
Carroll et al., 1968) because of the granularity 
of the background. In the ultra-thin sectioning 
technique used by Knoop and Wortmann (1960) 
Sc hmidt et £1. (1973) suggested that a proportion 
of the sma ller particles was lost in a centrifu-
gation stage during sample preparation. Average 
micelle sizes computed from the distribution of 
Schmidt et al. (1973) are amongst the smallest 
measured by any method and yet it is considered 
that the particles are most unlikely to have 
shrunk during samp le preparation. This raises 
the question as to whether micelle shrinkage has 
been a significant problem in other electron 
microscopical investigations where distributions 
of higher average size have been recorded. 
Natural variations in micelle size offer an 
alternative explanation for some of the 
differences in the number fractions of larger 
particles. The z-average radius of the micelles 
was also measured by a conventional light 
sca ttering method (Zimm Plot) (Schm idt et al. 
1974) but the value of 225nm appears unreasonably 
large for the average molecular weight of 1.1 x10 9 
(Wa lstra, 1979). 
Comparison of Electron Microscopy with Dynamic 
and Conventional Light Sca ttering 
Another attempt to compare light scattering 
with electron microscopy wa s made by Holt et al. 
(1978) using 2 milk samples. Average hydro=- -
dynamic radius and the Schultz-Zimm parameter z 
were calculated from the angular dependence of 
the first cumulant of the autocorrelationfunction 
of scattered laser li ght. The radius of gyration 
and molecular weight was measured by con ventional 
light scatter ing and the differential number 
distribution curve by 2 electron microscopical 
methods. The freeze-fracture and etching method 
was simi lar to that used by Schm idt et £1. (1973) 
in employing 30% glycerol as cryoprotectant. In 
the ultra-thin sectioning method, glutaraldehyde 
fixed micelles were post-fixed with 1% osmium 
tetroxide, embedded in Araldite, sec tioned and 
stained with lead citrate and uranyl acetate. 
Appropriate corrections for the sca ttering of 
fat were made in the light scat tering measure-
ments and the apparent size distributions from 
electron microscopy were corrected for section-
ing effects (Goldsmith, 1967). 
With one of the milk samples, the number 
distribution curves obtained by the two methods 
were in excel l ent agreement: they showed a large 
number fraction of the smallest particles, a 
small maximum at a diameter of about 77nm and 
then a gradual decrease in number frequency over 
a long tail region to about 600nm. The other 
sample also showed an extensive tail region and 
a high number fraction in the sma llest size class 
but in the distribution obtained by the freeze-
etching method the intermediate maximum was more 
pronounced and occurred at a larger diameter 
(83 vs. 62nm) than in the ultra-thin section 
method. The lon g tails in these distr ibuti ons 
make comparisons with light scattering averages 
somewhat difficult because of the statistical 
errors in counting small numbers of the larger 
partic les: it wa s estimated that about 5x10 4 
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particles would need to be counted and sized in 
order to calculate the z-average radius with a 
precision of ±5%. The agreement of average 
s izes found by the different methods wa s highly 
sat i sfac tory and generally within the estimated 
precision of ±20% for the electron microscopical 
results, demonstrating that on the same sample 
these very different techniques can give 
essentially the same result. 
Column Fractionation Methods 
Almlof et al. (1977) reported the first use 
of controlled pore glass (CPG) beads for the 
s ize fractionation of casein micelles. The 
CPG -10 300nm was treated with polyethylene 
glycol and casein micelles eluted with a 
s imulated milk serum at 4°C. The chromatogram, 
measured as absorbance at 280nm showed a mai n 
peak with a shoulder close to the void volume 
and a secondary peak at larger elution volume 
containing mainly the whey proteins and some 
"soluble " casein. Kearney and McGann (1978) 
reported a similar result on a fractionation 
carried out at 20°C. Ekstrand and Larsson-
Ratnikiewicz (1978) used larger column s ize s and 
were able to resolve the shoulder near the 
leading edge of the main peak into a definite 
sa tellite peak. Furthermore no "soluble" casein 
was found in the whey protein in spite of the 
known dissociation of s-ca se in from micelles at 
4°C (Davies and Law, 1983) . Ekstrand Q .£.]_ . 
(1981) demonstrated differences in the shape of 
chromatograms usin g milk from 3 different breeds 
of Swed ish cattle, albeit usi ng the sma ller 
column sizes of Almlof et al. (1977) . Larsson-
Raznikiewicz et al. (1979)-aescribed the 
rechromatography-of 2 fractions: one from the 
leading shoulder and the other from the ma in 
maximum of the chromatogram. The fractions 
eluted close to their original elution volume s 
though there wa s some evidence of a tailing 
effect, possibly due to di ssoc iation. McGann 
et al. (1979) considered that dissociation 
dUring chromatography was of little importance 
s ince glutaraldehyde fi xat ion did not alter the 
elution volumes of the main features of the 
chroma tog ram. 
Ca libration by Electron Microsco py 
In subsequent work, efforts have been 
directed more towards converting the chromato-
gram to a differential weight distribution 
curve. This involves an absolute calibration 
of elution volume as a function of radius and 
the quantitative mea surement of the casein 
composition of fractions. McGann et al. (1980) 
used the freeze etching method of ~hffildt et £1. 
(1973) to measure the size distribution in the 
glutara ldehyde- fixed starting milk and 3 
fractions from the chromatogram (I-III) covering 
the region from the leading edge to the minimum 
between mi celles and se rum proteins (McGann~ 
al . 1979). Fraction IV from the serum protein 
peak was excluded s ince it was considered to 
comprise a negligible weight fraction of the 
micel l es. Similarly they did not count 
particles of diameter <25nm. Taking this into 
consideration, the number frequency distribution 
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of the unfractionated micelles was generally 
simi lar to that of Holt et al. (1978) in that a 
l ong tail was observed with-micelles up to a 
diameter of 680nm but a shoulder rather than a 
maximum was observed in the region 50-150nm. 
Fraction I, from the shoulder at the front or 
leading edge of the chromatogram, contained a 
broad range of sizes including some that were 
clearly larger than the limit of resolution of 
the column, suggesting that this feature is 
simply unfractionated casein at the void volume 
of the column and not a gen uine peak in the 
distribution curve. Fractions II and III were 
considerably narrower and confirmed that 
fractionation according to size had occurred 
with sma ll er particles eluted later. In the 
most recent paper from the Iri sh group, Donnelly 
gt £1. ( 1984) describe some improvements in 
methodology. A double column fractionation was 
carried out with a CPG-10 50nm column before the 
CPG -10 300nm column to improve the resolution of 
small micelles and separate the "soluble" 
caseins from micelles . Elution was at 30°C to 
inhibit micelle dissociation and 0.04% poly-
ethylene glycol was added to the SMUF. For 
electron microscopy, fractions were fixed with 
glutara ldehyde immediately after chromatography, 
concentrated by ultrafiltration and the particle 
sizes determined by the freeze etching method of 
Schmidt et £1. (1973) wi th some minor modifica-
tions. From a total of 8 fractions from the main 
micelle peak, Donnelly et £1. (1984) showed that 
average size decreased with increa sing elution 
volume, confirming their earlier work (McGann 
et £1. 1980). Again, a broad distribution of 
sizes was present at the leading edge indicating 
incomplete resolution of the largest particles. 
Also, all fractions contained some particles in 
the smallest size class (<30nm) indicating that 
some dissociation may still have occurred in 
spite of the improved procedure for chromato-
graphy. A notable feature of the differenti al 
volume distribution of the start ing milk was it s 
bimodal appearance with a broad peak at about 
100nm and a smal ler peak of micelles with dia-
meters of about 255nm. 
Calibration by Dynamic Light Scattering 
Griffin and Anderson (1983) used photon 
correlation spectroscopy to relate elution volume 
to hydrodynamic diameter . Micelles were first 
fi xed with glutaraldehyde to avoid the prob l em 
of dissociation during chromatography, and care-
ful attention was given to the measurement of 
casein concentration i n the fractions. To avoid 
the problem of turbidity affecting the measure-
ment of protein concentration by absorbance at 
280nm, fractions were fir st digested with pronase. 
Their chromatogram showed 3 peaks, the first, 
cl ose to the void volume, compares with the 
shoulder in the chromatograms of other workers 
but a simi lar peak was also obtained by Ekstrand 
and Larsson-Raznikiewicz (1978). The second peak 
comprised well-fractionated casein micelles and 
the third peak comprised the whey proteins, 
"sol uble" casein and the smallest micelles. 
Electron microscopy showed the first peak to 
contain material with the appearance of milk 
membranes in addition to large casein micelles 
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but most of the light scattered from this 
region was due to micelles. According to the 
diffusion coefficient measurements, the leading 
edge of the chromatogram contained material too 
large to have been fractionated efficientl y by 
the column but from the maximum of the first 
peak onwards, fractionation according to size 
appears to have occurred. Moreover, the fact 
that the apparent diffu sion coefficient was 
independent of scattering angle is completely 
consistent with fractionation into relatively 
narrow size cla sses . It could be argued from 
these results that the differential weiaht 
distribution curve is bimodal but the bimodality 
is emphasized in the chromatogram by the 
unfractionated material eluted at the void 
volume. Clearly, a column packing with 
slightl y larger pores is desirable and, 
possibly, a larger volume of beads may help give 
a more firm indication of the shape of the 
distribution. 
Anderson et al. (1984) has reported some 
further checks-on-methodology including the 
effect of glutaraldehyde fixation on the 
hydrodynamic size and elution characteristics 
of micelles. They showed that their conditions 
of fixation did not alter the micel le size 
distribution. A plot of absorbance at 340nm 
vs. elution volume for early lactation milk wa s 
distinctly bimodal showin g a l arger fraction of 
large micelles than curves for mid-lactation or 
bulk milk. Moreover, the hydrodynamic diameter 
vs. elution volume calibrations showed little 
or no l evelling-off at low elution volumes 
indicating that the bimodal appearance is 
unlikely to be due to unresolved micelles. 
Origin and Possible Significance of the 
Size Distribution 
In this sect i on I intend to consider the 
question of how the broad distribution of sizes 
might arise and then speculate on its biological 
function, express ing some ideas developed 
partly in discussion with my colleague Dr. D. G. 
Dalgleish. 
Bloomfield' s Theory of the Size Distribution 
Bloomfield (1979) has presented the most 
complete theory for the origin of a broad size 
distribution of micelles using the mode l of 
Slattery and Evard (1973) of subun its of 
variable composit ion. The fundamental idea is 
that a strain builds up as subunits associate, 
making the free energy of association 
progressively less favourable. Using reasonable 
expressions for the free energy relationships 
he derived an equation for the molar concentra-
tions of polymers as a function of mo l ecular 
weight and found that for large degrees of 
association, K1[M1J was cl ose to unity, where 
K1 is the association constant for dimerisation 
and [M1] is the concentration of single subunits. 
At small strain free energies a limiting ratio 
of weight to number average molecular weight of 
3.0 was found, close to that observed by Dewan 
et £1. (1974b). The differential weight 
distribution curve, expressed as a function of 
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~: A histo~ram of the volume distribution 
curve of case i n micelles determined by Donnelly 
et Ql. (1984) using the freeze etching method 
compared with the theoretical distribution curve 
of Bloomfield (1979). The theoretical curve was 
calculated using the parameters p = 1x1o- s and 
a = 7x10 4 which give a good fit to the micellar 
weight distribution of one of the pooled milk 
samples of Dewan et Ql. (1974b). This distribu-
tion curve was transformed to a distribution in 
radius assuming a voluminosity of 3.0 ml g- 1 
and scaled to the histogram area usin g the 
interval width. 
with fairly symmetrical weight fraction s about 
the median value. 
Although the theory of Bloomfield (1979) was 
motivated by the model of Slattery and Evard 
(1973), it i s more general and cou l d easily be 
adapted to a model not requiring a subunit 
structure. The essential feature is that the 
free energy of association should become less 
favourable as the polymer size increa ses. Never-
theless, it is possible that this type of theory 
is unsatisfactory even in principle because there 
is limited evidence in some milks of a bimodal 
differential weight distribution. Bloomfield 
(1979) showed that his theory could adequately 
describe unimodal distributions of micelles of 
different average size as determined by rate-zone 
ultracentrifugation. The distribution curve 
shown in Fig. 1 describes the micelle size 
distribution in one of the pooled milk samples 
characterized by Dewan et al. ( 1974b). It has 
been plotted as a functTOn-of diameter assuming 
a micelle voluminosity of 3.0 ml g- 1 and scaled 
to the same area as the histogram also shown in 
the figure. The histogram is taken from the work 
of Donnelly et Ql. (1984) and shows the volume 
fractions of mice l les in another pooled milk 
samp l e, as determined by el ectron microscopy with 
a freeze fracture and etch i ng method. Thus, 
although different milk samples were used and 
the methods of sample treatment and size 
determination were very different, the micelle 
size distributions are quite comparable. The 
histogram, however, shows an apparently bimodal 
character with a main peak at about 105nm and a 
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~: Effect of micell e size distribution on 
the network structure of chymosin gel. (a) 
Micel l es are fully stable with an outer ha i ry 
layer . (b) Chymosin has removed about half the 
hairs but few bare patches of a sufficient size 
have been generated and of those, most are on 
small micel l es . (c) Linear or lightly branched 
polymers of smaller micelles are formed and 
larger micelles show a higher average function-
ality. (d) A gel network is formed with larger 
micelles at nodes connected by more-or-less 
linear chains of smaller particles. As the 
action of chymosin continues, syneresis occurs. 
lesser peak at 255nm diameter. One important 
problem for the future, therefore, i s to 
establish whether the distribution can be 
bimodal, at lea st in some milks, and if so to 
explain how it i s formed. That there may be 
2 mechanisms or stages of polymerisation in 
micelle formation is sugges ted by the exist-
ence of micelles too large to have been fu lly 
formed v:ith in Golgi vesicles, and Brooker and 
Holt (1978; 1979) have suggested that a post-
secreto ry phase of aggregation can occur in 
the alveolar lumen. 
Biological Function of the Size Distribution 
Case in micelles form a clot in the 
stomach which undergoes syneresis and eventual-
ly is digested. What relevance can the micelle 
size distribution have to this function? Is 
there any advantage in polydispersity or 
disadvantage in monodispersity in the clotting, 
syneresis and digestion processes? In 
principle the broad distribution of sizes can 
allow a denser clot to be formed since the 
smaller part i cles can enter the spaces between 
larger ones. The initial coagulum is, however, 
an open structure, formed before K-casein has 
been entirely hydrolysed to para- K-casein, so 
simple considerations of packing density do not 
seem appropriate. Instead I shall show how the 
micelle size distribution can affect the ge l 
structure usin g a model in which "hairy" 
micelles develop "bare patches" of a sufficient 
size to allow coagulation to occur. 
According to the hairy micelle model (Holt , 
1975b; Walstra 1979; Walstra _rtQ]_., 1981) the 
Casein Micelle Size 
macropeptide portion of K-casein molecules 
pro ject from the surface, increasing micelle 
hydrodyn am ic radius by 5-?nm (Walstra et al ., 
1981; Horne, 1984a) and removal of these hairs 
by chymosin allows aggregation to occur by 
removing the source of ster ic stabilization. 
The forces of ster ic stabilization are likely 
to be 1-2 orders of magnitude larger than double 
layer repulsion in a typical lyophobic colloid 
(Holt, 1975b) and hence can explain the remark-
able stability to, for example, heat. During 
chymosin action, the presence of even a sing le 
hair may be suff i cient to prevent aggregation 
of 2 approaching particles; a bare patch of a 
certain minimum dimension is required before the 
surfaces of the particles can just make contact 
(Fig. 2). If hairs are removed from a surface 
at random, bare patches of different sizes are 
formed and as more hairs are removed, the average 
size of the bare patches increases until a s i gni -
ficant fraction of the partic le s become labile 
and aggregation can begin. Numerica l calcula-
tions (D. G. Dalgleish, private communication) 
indicate that a significant fraction of labile 
particles may be generated only when 80-90% of 
the hairs are removed, which is similar to the 
figures given for the degree of hydrolysis of 
K-casein in normal milk at the clotting time 
(Green et ~. 1978; Dalgleish, 1979). The 
micelle s i ze distribution becomes important 
because the curvature of the surface affects the 
minimim dimension of the bare patch required for 
coagulation in any defined circumstance. The 
greater the surface curvature (i.e., the smaller 
the particle radius), the smaller the minimum 
dimension of the bare patch and hence the small-
est particles in the micelle distribution become 
labile at an earlier stage of the reaction. 
Because the smallest micelles become labile 
earl i est and also because they are the more 
abundant size fraction,they will tend to react 
with themselves to form the first inde ~tifiable 
polymers by chymosin . The micelle size distri-
bution is important in a third way because 
smaller particles can accommodate on their 
surfaces fewer bare patches of a given size than 
larger micelles and hence will tend to have a 
lower functionality (i . e ., fewer reactive 
region s per particle). Thu s the polymers formed 
earliest in the reaction wil l tend to grow as 
linear or lightly branched chains . As the 
reaction proceeds, larger micelles will become 
labile and the average functionality will 
increase, creating more highly branched polymers 
and, eventually, an open network capable of 
syneresis as chymosin action approaches 
completion . 
This model of the clotting process 
demonstrates why it is important to know not 
only the average s ize of micelles but also the 
s ize distribution, since it can have an important 
role in determining the viscoelastic properties 
of milk gels. 
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Discussion with Reviewers 
R. J. Carroll : Which procedure does the author 
recommend for the preparation of casein micelles 
for electron microscopy to obtain reliable size 
distribut ion measurements? 
H. M. Farrell, Jr.: Which electron micro-
scopia l method is the best for size measurements? 
K. Ki ss: Was scanning transmission electron 
mi~r~scopy ~onsidered on glutaraldehyde fixed, 
cr1t1ca l po1nt dried micelles? 
M. Ruegg: What is the author's opinion on the 
"rapid freezing techniques", which allow 
investigation of native micelles without any 
pretreatment of the samples (see Ruegg M. (1982) 
Structure and properties of the particulate 
const1tuents of human milk: A review, Food 
Microstructure, 1: 25-47.) . 
Casein Micelle Size 
Author: Avoid: (i) the use of an aged sample, 
which may contain aggregated micelles, (ii) 
dilution with e.g. glycerol, as thi s will 
perturb the ion equilibria and allow dissociation 
and (ii i) pelletting of the micelles as this will 
bias the size distribution. Glutaraldehyde 
appears to be the preferred fixative but may 
induce contraction so I favour investigating the 
use of the "rapid freezing techniques". Replica-
tion and shadowing methods such as those used by 
Carroll et Ql. (1968) may not allow detection of 
many of the smaller particles in the s ize 
distribution. Most importantly, micelles must be 
counted and sized so that there i s a statistical 
number of particles in all size classes affect ing 
the average s ize to be computed. Thi s may 
require that 10 4 -5x10 5 particles be counted and 
sized in total, so the use of an image analyzer 
i s desirable, in conjunction with the 
discriminating eye of the microscopist. 
K. Kiss: Did the referenced authors measure 
micelle sizes on micrographs by hand or did they 
use automatic particle ana lyzer computers inter-
faced with the TEM? 
Author: The more recent work from Dr. Buchheim's 
laboratory (McGann et al., 1980; Donnelly et al., 
1984 ) used an image-anaTyzer but other wor~was 
less automated . 
K. Kiss: Was the s ize of the population large 
enough to a llow stat i stica lly valid comparisons? 
What criteria were applied to test for equality 
and at what confidence level were the compared 
methods judged equal? 
Author: I presume this question refers to the 
work of Holt et .£]_., (1978) in which the average 
sizes found by light scatter ing methods were 
generally within one standard deviation (result-
ing from the random error in particle counting 
and siz in g) of the corresponding averages comput-
ed from the electron microscopical re su lt s . No 
stat i stica l test will demonstrate a difference 
under suc h circumstances . In any future work, 
many more particles should be s ized. 
On the subject of statistical accuracy, I 
wish to discuss the work of Mangino and Freeman 
(Mangino ME., Freeman NW . (1981). Statistica ll y 
reproducible evaluation of size of casein 
micelles in raw and processed mi l ks, J. Dairy 
Sci., 64: 2025-2030 . ) . To improve stat i st ical 
reproducibility, they ignored the sma llest 
particles which are difficult to measure, and 
the largest particles which occur relatively 
infrequently. Their method, therefore, has only 
a restricted validity as a way of determining 
micel l e size and is not useful when comparisons 
with light scattering averages are to be made . 
H. M. Fa rre 11 , Jr.: What are the advantages and 
disadvantages of the various light scattering 
techniques and what is the best buffer for 
dilution? 
Author: With conventional light scattering 
apparatus the extrapolation of results to zero 
scattering angle in a Zimm Plot is quite 
difficult for bovine casein micelles. Diffusion 
coefficients show less angu l ar dependence and a 
9 
well-defined average radius can be determined 
much more reliably by dynamic than conventional 
li ght scattering. In addition, it is not 
strictly necessary to know particle concentra-
tion or relative refractive index in order to 
determine the hydrodynamic size. On the other 
hand, the hydrodynamic radius is probably 5-7nm 
larger than the "core" because of water 
immobilised by an outer, hairy, layer. The 
method of siz ing micelles which uses the wave-
length dependence of turbidity, as normally 
applied, does not yield a well-defined average. 
Its advantages are its speed , simplicity and 
use of readily available apparatus, and it has 
found its grea test application in characterising 
natural variations in micelle size . 
Measuring the apparent diffusion coefficient 
as a function of scattering angle allows 2 
moments of the size distribution to be determined. 
In principle, the full distribution of sizes can 
be recovered by a Laplace inversion of the first 
order autocorrelation function of scattered light. 
In practice it is doubtful if data of sufficient 
precision and accuracy can be obtained with 
natural micelles in the presence of fat and other 
material. Perhaps the optimum strategy for 
determining the micelle size distribution is to 
fractionate micelles by s ize exclusion chromato-
grap hy and characterise nearly monodisperse 
fractions by dynamic light scatteri ng. 
Sephacryl may prove to be superior to controlled 
pore gla ss as the separation medium (Creamer 
LK. (1984). Fractionation of casein micelles 
and whey protein aggregates on sephacryl S-1000, 
J . Chromatogr. 291: 460-463.). 
The ideal dilution buffer is one which 
preserves micellar integrity without itself 
forming a precipitate. In our hands, milk 
ultrafiltrate prepared at or above 20°C has 
proved superior to simu l ated milk ultrafiltrate 
in showing less tendency to form calc ium phos-
phate precipitates . I have never used milk 
ultrafiltrates or diffusates prepared in the 
cold: their use in li ght scatter ing studies 
appears undesirable (Parker and Horne 1979). 
H. M. Farrell, Jr.: Has there been a study of 
the effectiveness with which fat can be removed 
prior to light scattering studies and what 
procedures would the author recommend? 
Author: The fat content of our skim-milk samples 
is about 1g/ litre: a second centr ifugation 
reduces this by about 20%. Some of the remain-
ing fat globules overlap in s ize with casein 
micelles and therefore cannot be removed by 
filtration . Also, they possess a near-neutral 
density so they can be separated from micell es 
only by pelletting the latter. Horne (1984b) 
has made a study of the effect of res i dual fat 
on the light scattering properties of skim-mi l k. 
Nearly monodisperse fraction s of mice lles may 
be characterised by dynamic light scattering at 
high angles with little error in the calcu l ated 
size . Thus, fractions from controlled pore 
glass chromatography can be characterized in 
this way . However, the native casein micelle 
system requires measurements of apparent 
diffusion coeff i cient to be extrapo l ated to zero 
C. Holt 
scattering angle where scattering from fat is 
much more important and a fat correction is 
required. This is one of the reasons why I 
believe the optimum strategy for measuring the 
full distribution is to combine chromatography 
with dynamic light scattering. 
H. M. Farrell, Jr.: If one views the micelle as 
a dynamic system then dissociation is inevitable 
during column fractionation. Investigators may 
merely have demonstrated a frontal elution of 
material at the void volume with dissociation 
occurring on the descending limb. Is information 
available to demonstrate whether or not the 
elution volume changes with change in protein 
concentration? 
Author: The idea is intriguing but there is 
evidence against it being true. If micelles are 
diluted indefinitely with their own ultrafiltrate 
then the molecular weight change i s often as 
little as 2-4% over the time period required for 
column fractionation. Thus, micelle dissociation 
is unable to influence the shape of the chromato-
gram . Further, if glutaraldehyde cross-linked 
micelles are fractionated then the relationship 
between elution volume and particle radius is 
similar to that obtained with unfixed micelles 
(Anderson etQl., 1984) . Nevertheless, I feel 
sure that some dissociation of unfixed micelles 
does occur, at least sometimes, when a simulated 
milk ultrafiltrate is used for elution, parti-
cularly in work done at 4°C. 
M. R~egg: What does the author believe is the 
effect of cooling on the si ze and fine structure 
of freshly secreted micelles? 
Author: According to Davies and Law (1983) about 
40% of the 8-casein will dissociate from micelles 
on cooling to 4°C for severa l days yet there i s 
no change in average particle radius. The 
conclusion to be made from thi s experiment i s 
only that 8-ca se in is not the overwhelming 
constituent of the micelle surface. 
R. J. Carroll: Have the hairy micelles been 
observed by electron microscopy? 
Author: No, not directly, though, of course, 
K-casein has been located in and near the surface 
of micelles (Carroll RJ . , Farrell HM. Jr. (1983). 
Immunological approach to location of K-casein in 
the casein micelle by electron microscopy, J. 
Dairy Sci., 66: 679-686) though there is some 
dispute as to whether it is exclusively or pre-
dominantly located there (Horisberger H., 
Vauthy M. (1984). Localization of K-casein on 
thin sections of of casein micelles by the gold 
method, Histochem., 80: 9-12). 
Reviewer 4: What is the experimental ev i dence 
that hairy micelles exist? 
Author: The hairy casein micelle model was first 
proposed by me on theoretical grounds alone 
(Holt, 1975b) : it offered a convincing explana-
tion for the extraordinary stability of micelles 
to heat and the action of chymosin in causing 
gelation. Only recently has experimental evidence 
accumulated in favour of the model, some of which 
is mentioned in my paper (Walstra et ~-· 1981; 
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Horne, 1984a). In addition, 1 H-NMR studies of 
casein micelles (Griffin MCA., Roberts GCK. 
(1985). A 1 H-NMR study of casein micelles, 
Biochem J., in pres s .) ha s shown sharp 
peaks in the spectrum arising from mobile regions 
superimposed on a background of broad re so nances 
from most of the casein. The amino acid 
resonances contributing to the sharp peak s were 
similar to those found in the 1 H-NMR spectrum of 
the macropeptide of K-casein. The resonances 
were sharpened after chymosin treatment and 
broadened on addition of ethanol as expected 
for the hairy micelle model. 
Further evidence ha s come from measurements 
of the electrophoretic mobility of micelles 
during chymosin action (Holt C. , Dalgleish DG., 
unpublished). The mobility decreases in a non-
linear manner as macropeptide is removed which 
can be explained by a hairy micelle structure 
but i s difficult to explain if the surface i s 
smooth. 
H. M. Farrell, Jr.: The author suggests that 
the sma llest micelle s become labile earliest 
and self-associate, then large micelles are 
attracted. This would indicate that one should 
find aggregates of smaller micelles in partially 
formed products such as yoghurt, etc. It would 
be of interest to examine SEM pictures to 
determine if the available evidence supports 
this part of the theory. 
Author: Yes, I agree. The published micrographs 
present too little evidence to be decisive 
though it is clear that linear chains are formed 
early in the reaction before visible clotting 
(Tamine AY., Kalab M., Davies G. (1984). 
Microstructure of set-style yoghurt manufactured 
from cow's milk fortified by variou s methods. 
Food Microstructure, 3: 83-92 ; Green ML. (1984) . 
Milk Coagulation and the Development of Cheese 
Texture, in: Advances in the Microbiology and 
Biochemistry of Cheese and Fermented Milk, F. L. 
Davies and B. A. Law (eds), Elsevier Applied 
Science, London, 1-33.). There is a need for a 
new electron microscopical study to measure the 
s ize and structure of casein micelle aggregates 
formed during the early stages of chymosin 
action. 
